The transient receptor potential (TRP) channel TRPM2 is an ion channel that modulates cell survival. We report here that full-length (TRPM2-L) and short (TRPM2-S) isoform expression was significantly increased in human neuroblastoma compared with adrenal gland. To differentiate the roles of TRPM2-L and TRPM2-S in cell proliferation and survival, we established neuroblastoma SH-SY5Y cell lines stably expressing either TRPM2 isoform or empty vector. Cells expressing TRPM2-S showed significantly enhanced proliferation, downregulation of phosphatase and tensin homolog (PTEN), and increased protein kinase B (Akt) phosphorylation and cell surface glucose transporter 1 (Glut1) compared with cells expressing TRPM2-L or empty vector. ERK phosphorylation was increased, and forkhead box O 3a (FOXO3a) levels were decreased. Inhibitor studies demonstrated that enhanced proliferation was dependent on phosphatidylinositol 3-kinase/Akt, ERK, and NADPH oxidase activation. On the other hand, TRPM2-S-expressing cells were significantly more susceptible to cell death induced by low H 2O2 concentrations (50 -100 M), whereas TRPM2-L-expressing cells were protected. This was associated with a significant increase in FOXO3a, MnSOD (SOD2), and membrane Glut1 in TRPM2-Lexpressing cells compared with TRPM2-S expressing cells. We conclude that TRPM2 channels occupy a key role in cell proliferation and survival following oxidative stress in neuroblastoma. Our results suggest that overexpression of TRPM2-S results in increased proliferation through phosphatidylinositol 3-kinase/Akt and ERK pathways, while overexpression of TRPM2-L confers protection against oxidative stress-induced cell death through FOXO3a and SOD. TRPM2 channels may represent a novel future therapeutic target in diseases involving oxidative stress. transient receptor potential channels; Akt; ERK; FOXO3; MnSOD THE TRANSIENT RECEPTOR POTENTIAL (TRP) protein superfamily is a diverse group of cation-permeable channels expressed on mammalian cells (4, 8, 44, 74) . Mammalian TRP channels have been organized into six subfamilies on the basis of sequence similarities designated C (canonical), V (vanilloid receptor), M (melastatin), A (ANKTM), P (polycystin), and ML (mucolipin). Different subfamilies mediate a broad range of physiological processes (12, 43, 54, 62) and are recognized to be involved in a growing number of diseases (5, 45). Monomeric TRP proteins have six putative transmembrane domains and intracellular NH 2 and COOH termini. The functional TRP channel consists of homotetramers or heterotetramers, with the putative pore formed by loops between the fifth and sixth transmembrane domains. Channel regulation includes roles for extracellular signals, second messengers, channel subunit assembly, and macromolecular complex formation. Splice variants have been described for a number of TRP channels. Some of these consist of only NH 2 -terminal, COOHterminal, or NH 2 -terminal and truncated transmembrane domains, and many of these inhibit full-length channel function (47, 80, 87) .
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The TRPM subfamily of TRP channels has been found to have roles in cell proliferation and survival (61) . This subfamily was named after the first described member, TRPM1 (or melastatin), a putative tumor suppressor protein (15) . TRPM1 is expressed on melanocytes, and its expression level inversely correlates with melanoma aggressiveness and metastatic potential, suggesting that it functions as a tumor suppressor (10, 15, 17) . Other TRPM members, including TRPM2 (23, 43) , TRPM4 (65) , TRPM5 (51), TRPM7 (1, 21) , and TRPM8 (35, 70) , have also been demonstrated to have important roles in cell proliferation and survival. TRPM2 was the second member of the TRPM subfamily to be cloned and is expressed in many cell types (43) . Extracellular signals that activate TRPM2 include oxidative stress, TNF␣, amyloid ␤-peptide, and concanavalin A (18, 19, 23, 76) . Stimulation with these extracellular signals results in production of ADP-ribose (ADPR), which activates TRPM2 by binding to the TRPM2 COOHterminal NUDT9-H domain, an ADPR hydrolase (19, 31, 43, 50) . Cyclic ADPR (cADPR) can gate or potentiate the effects of ADPR on TRPM2. TRPM2 currents are also dependent on and positively regulated by Ca 2ϩ (13, 41, 69) . TRPM2 has been reported to be temperature-sensitive (68, 79) ; TRPM2 is maximally sensitive to activation by cADPR in pancreatic islets at 37°C, and TRPM2 temperature sensitivity has been reported to affect macrophage function (30) .
Oxidative stress results from a disturbance of the balance between oxidants and antioxidants and, depending on severity and duration, leads to tissue injury (43) . Oxidative stress plays an important role in tissue damage in a large number of physiological and pathophysiological processes, including aging, cancer, neurodegenerative disorders, diabetes mellitus, atherosclerosis, ischemia-reperfusion injury, and autoimmune diseases (14, 24, 34, 75, 81, 84, 88) . In oxidative stress, increased reactive oxygen species (ROS) can enhance ADPR production, which activates full-length TRPM2 (TRPM2-L) (23, 29, 33, 58, 66, 67, 82, 88) . Elucidating the role of TRPM2 in mediating cell death and survival could have significant implications for a number of human diseases. Among them, targeting TRPM2 could have implications for treatment of malignant disease, because TRPM2 and its isoforms are expressed in a number of types of cancer, and at least one isoform may function as a tumor enhancer (47) .
We previously identified a physiological TRPM2 splice variant (TRPM2-S) that lacks four of the six predicted COOHterminal transmembrane domains and the putative Ca 2ϩ pore (87) . Using tumor samples obtained from patients with neuroblastoma, we determined that TRPM2-L and TRPM2-S expression is significantly higher in neuroblastoma than normal adrenal tissues. In the present study, we used neuroblastoma SH-SY5Y cell lines stably expressing TRPM2-L, TRPM2-S, or empty vector to determine the functional significance of TRPM2 isoform expression in cell proliferation.
EXPERIMENTAL PROCEDURES
Reagents. Wortmannin, LY294002, H2O2, clotrimazole, diphenyleneiodonium (DPI), and anti-actin antibody were purchased from Sigma Chemical (St. Louis, MO); U0126 from Calbiochem Chemicals (San Diego, CA); antibodies to phosphorylated (S473) Akt (pAkt), Akt, phosphatase and tensin homolog (PTEN), Na ϩ -K ϩ -ATPase, GAPDH, caspase-3, poly(ADP-ribose) polymerase (PARP), phosphorylated ERK (pERK1/2), ERK (ERK1/2), and forkhead O 3a (FOXO3a) from Cell Signaling Technology (Boston, MA); antibodies to MnSOD from Abcam (Cambridge, MA); anti-TRPM2-C and anti-TRPM2-N antibodies, targeted to the TRPM2 COOH and NH 2 termini, from Bethyl Laboratories (Montgomery, TX) (87); anti-V5 antibody from Invitrogen (Carlsbad, CA); and anti-glucose transporter 1 (Glut1) antibody from Millipore (Temecula, CA).
Tissues and cell lines. Human adrenal gland and neuroblastoma tissues were obtained from the Pediatric Division of the National Cancer Institute Cooperative Human Tissue Network and the Research Institute at Nationwide Children's Hospital (Columbus, OH) under protocols approved by the Institutional Review Board of the Pennsylvania State University College of Medicine. The neuroblastoma cell line SH-SY5Y was purchased from American Type Culture Collection (Manassas, VA). SH-SY5Y cells were cultured in 50% DMEM-50% Ham's F-12 medium supplemented with 10% heat-inactivated FBS.
Transient transfection. For overexpression of FOXO3a, human green fluorescent protein-FOXO3a construct was obtained from Origene Technologies (Rockville, MD). For depletion of FOXO3a, shorthairpin RNAs (shRNAs) targeted to FOXO3a were purchased from Origene. All were transfected into SH-SY5Y cells using the Neon transfection system (Invitrogen) following the manufacturer's instructions. Successful optimization of loss or gain of expression was determined with Western blotting.
Stable transfection. SH-SY5Y cells at 90% confluence were transfected with TRPM2-L or TRPM2-S expression vector (87) or empty vector (pcDNA3.1/V5-His TOPO) for 48 h using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Stably transfected cell lines were selected using 600 g/ml G418 (Geneticin, an analog of neomycin; Gemini Bio-Products, West Sacramento, CA), and cell cultures were maintained in the presence of 250 g/ml G418 for Ն2 mo before cells were used for experiments. For Western blotting of proliferating cells, stably transfected cells were harvested when plates were 70 -80% confluent. For oxidative stress studies, plates were treated when cells were 70 -80% confluent and harvested at the time points noted.
Cell proliferation assay. The same number of cells from stably or transiently (FOXO3a and shRNAs) transfected cell lines were seeded on 96-well plates and cultured in medium with 250 g/ml G418 for 96 h. Cell proliferation was measured as ratio of optical density at 490 nm to optical density at 690 nm using 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) cell proliferation assay (Trevigen, Gaithersburg, MD) according to the manufacturer's instructions (56) . Alternatively, the same numbers of cells were seeded on 24-well plates and cultured in medium with 250 g/ml G418 for 96 h, and cell proliferation was determined by counting cell numbers using the trypan blue exclusion method (Invitrogen). In some experiments, cells were treated with wortmannin (250 or 1,000 nM), LY294002 (2 or 10 M), U0126 (10 or 20 M), DPI (0.3 to 1 M), H 2O2 (50 to 100 M), or clotrimazole (10 M) during cell culture.
Immunoblot analysis. Pieces of neuroblastoma and adrenal gland tissues were homogenized by a hand-held homogenizer in Triton lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10 mM NaF, protease inhibitor, and phosphatase inhibitor) and then centrifuged for 10 min at 10,000 rpm at 4°C. The supernatants were collected and subjected to 8% or 10% SDS-PAGE, as previously described. For cell cultures, after appropriate treatment, whole cell lysates from stably transfected cells were isolated with Triton lysis buffer, and supernatants were collected and subjected to SDS-PAGE. All gels were then transblotted onto nitrocellulose membranes. Blots were probed with anti-TRPM2-N (1:250 -1:500 dilution), anti-TRPM2-C (1:300 dilution), anti-V5-horseradish peroxidase (1:2,000 dilution), anti-actin (1:10,000 dilution), anti-GAPDH (1: 5,000 dilution), anti-Na Bands were quantified by densitometry, and relative expression of TRPM2/GAPDH for neuroblastoma, normalized to mean adrenal gland/GAPDH on the same blot, was determined. Statistical differences between adrenal gland tissue (13 samples) and neuroblastoma (17 tumor samples in A and 16 in B) were analyzed using Student's t-test: *P Յ 0.01. dilution), anti-Akt (1:2,000 dilution), anti-PTEN (1:1,500 dilution), anticaspase-3 (1:500 dilution), anti-PARP (1:750 dilution), anti-Glut1 (1: 3,000 dilution), anti-FOXO3a (1:400 dilution), anti-MnSOD (1:2,500 dilution), anti-pERK1/2 (1:1,000 dilution), or anti-ERK1/2 (1:1,500 dilution) antibodies. Blots were washed and incubated with the appropriate horseradish peroxidase-conjugated antibodies (1:2,000 dilution). Enhanced chemiluminescence was used for detection of signal. Oxidized PTEN was identified using lysis buffers with 50 mM N-ethylmaleimide on nonreducing SDS-polyacrylamide gels, as previously described (60) . Oxidized PTEN has two less cysteines available for alkylation, resulting in a lower molecular weight.
Cell fractionation. Cell membrane and cytosol fractions were isolated from cells using the Qproteome Cell Compartment kit (Qiagen, Valencia, CA). Both fractions were concentrated by acetone precipitation or with the Nanostep 10K Omega centrifugal device (Pall Life Sciences, Ann Arbor, MI) and then subjected to Western blot analysis. Anti-Na ϩ -K ϩ -ATPase and anti-GAPDH antibodies were used as quality and loading controls for membrane and cytosol fractions, respectively.
Measurement of intracellular Ca 2ϩ concentration and ROS with digital video imaging. The fluorescence microscopy-coupled digital video imaging system used to measure changes in intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) is described elsewhere (7, 42) . Stably transfected SH-SY5Y cells were adhered to fibronectin-coated glass coverslips and loaded for 20 min with 0.1 M fura 2-AM (Molecular Probes, Eugene, OR). Fura 2-loaded cells were excited alternately at 360 and 380 nm, and fluorescence emissions (510 nm) were captured. The ratio of fluorescence at 360 nm to fluorescence at 380 nm (F 360/F380) was measured at baseline and over a 20-min interval following H2O2 treatment.
To measure ROS, cells were loaded with 5-(and 6-)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate acetyl ester (1.25 M, 5 min at 37°C; Molecular Probes). Fluorescent cell images were obtained at 490-nm excitation and 535-nm emission. The gain of the intensified charge-coupled device camera was adjusted to obtain the optimal dynamic range and remained fixed for the duration of the experiments. Fluorescence in images was quantified by digitizing to eight-bit (0 -255) resolution. Autofluorescence of unloaded cells was not detectable with our settings.
Statistical analysis. Student's t-test or one-way analysis of variance was performed to verify significant differences among the experimental groups.
RESULTS

Expression of TRPM2 isoforms in adrenal gland, neuroblastoma, and neuroblastoma SH-SY5Y cells.
Since TRPM2 is highly expressed in neuronal tissue (18), we examined expression of TRPM2-L and TRPM2-S in neuroblastoma. Lysates from 13 adrenal glands and 17 neuroblastoma tissues were probed with anti-TRPM2-C antibody, which recognizes only TRPM2-L (171 kDa), or with anti-TRPM2-N antibody, which recognizes TRPM2-L and TRPM2-S (95 kDa). TRPM2-L expression was higher in neuroblastoma than normal adrenal gland ( Fig. 1 ; P Յ 0.01). TRPM2-S expression was also increased in neuroblastoma compared with adrenal gland ( Fig.  1B ; P Յ 0.008). The identity of TRPM2-L was confirmed by immunoprecipitation from primary neuroblastoma tissue with anti-TRPM2-C antibody followed by mass spectrometry (Nextgen Sciences, Ann Arbor, MI). These results demonstrate that the endogenous TRPM2 isoforms TRPM2-L and TRPM2-S are expressed in normal adrenal gland and neuroblastoma. Greater expression in neuroblastoma suggests that TRPM2 may have a physiological function in tumor cells that has not been defined.
To study the role of TRPM2 in cell proliferation, we generated neuroblastoma SH-SY5Y cells stably expressing TRPM2-L or TRPM2-S. Expression of TRPM2-L or TRPM2-S was confirmed by Western blotting of lysates ( Fig. 2A) . Subcellular fractionation verified that TRPM2-L and TRPM2-S were predominantly expressed on the cell membrane (Fig. 2B) . Endogenous TRPM2-L and TRPM2-S proteins were present in lysates of SH-SY5Y cells, but long exposure times were required to detect endogenous channels (data not shown).
TRPM2-S expression enhances cell proliferation. SH-SY5Y cells stably expressing TRPM2-S proliferated significantly faster than cells expressing TRPM2-L or empty vector (Fig. 3A) . Proliferation was quantified with the XTT assay, a measure of metabolic activity. Cells expressing TRPM2-L and vector proliferated at a similar rate at 24 and 48 h, although TRPM2-L-expressing cells showed significantly faster cell proliferation than empty vector-transfected cells at 72 and 96 h. Trypan blue exclusion showed significantly greater increases in number of cells expressing TRPM2-S at 24, 48, and 72 h (Fig. 3B ). TRPM2-L-expressing cells proliferated significantly faster than vector-expressing cells after 48 h. These data demonstrate that TRPM2-S expression promotes cell proliferation in neuroblastoma, although TRPM2-L expression also moderately enhanced proliferation compared with empty vector.
Akt and ERK activation are enhanced in TRPM2-S-expressing cells.
A number of kinase signaling pathways, including Akt and ERK pathways, are involved in neuroblastoma proliferation (49, 59) . Phosphorylation of Akt was significantly greater in SH-SY5Y cells stably expressing TRPM2-S than TRPM2-L-or vector-expressing cells (Fig. 4A) . Expression of PTEN, an endogenous inhibitor of phosphorylation and activation of Akt (57), was significantly less in SH-SY5Y cells expressing TRPM2-S than cells expressing empty vector or TRPM2-L (Fig. 4B) . ERK phosphorylation was also significantly greater in TRPM2-S-than empty vector-or TRPM2-L-expressing cells (Fig. 4C) . These data suggest that the increased phosphorylation and activation of Akt and ERK pathways may be involved in faster proliferation of TRPM2-S-expressing cells. Since Akt and ERK mediate FOXO3a phosphorylation and degradation (83, 85) , we measured FOXO3a expression. In TRPM2-S-expressing cells, FOXO3a levels were significantly reduced compared with empty vector-or TRPM2-L-expressing cells and were significantly higher in TRPM2-L-expressing cells (Fig. 4D) .
Inhibitors of phosphatidylinositol 3-kinase, ERK, and NADPH oxidase block enhanced proliferation of TRPM2-S-expressing cells.
To determine whether Akt has a functional role in the enhanced proliferation in TRPM2-S-expressing cells, inhibitors of phosphatidylinositol 3-kinase (PI3K), wortmannin and LY294002, were utilized. The faster proliferation of TRPM2-S-than TRPM2-Lor empty vector-expressing cells was completely abolished by treatment with wortmannin (Fig. 5A) . Phosphorylation of Akt was effectively inhibited by wortmannin in all three cell lines at 1 and 24 h (Fig. 5B) . Results were similar when SH-SY5Y cells expressing TRPM2-S were incubated with LY294002 (data from 3 experiments not shown).
Similarly, the ERK kinase inhibitor U0126 partially reduced the enhanced proliferation of TRPM2-S-expressing cells (Fig. 6A) . The ability of U0126 to inhibit ERK phosphorylation is shown in Fig. 6B . These data support the hypothesis that activation of the PI3K/Akt and ERK pathways is required for the enhanced proliferation of TRPM2-S-expressing cells.
Phagocytes from TRPM2-expressing mice demonstrate reduced ROS production through inhibition of NADPH oxidase activity compared with the TRPM2 knockout mouse, in which greater ROS production was observed (11) . We demonstrated significantly greater ROS levels in proliferating SH-SH5Y cells expressing TRPM2-S than in cells expressing TRPM2-L or empty vector (Fig. 7A) . Because TRPM2-S functions as a dominant-negative and ROS can enhance cell proliferation, we examined whether NADPH oxidase is involved in the increased proliferation of TRPM2-S-expressing cells. TRPM2-L-, TRPM2-S-, and empty vector-expressing cells were treated with the NADPH oxidase inhibitor DPI (0.3, 0.5 M), and proliferation was measured with the XTT assay. DPI blocked the enhanced proliferation of TRPM2-S-expressing cells (Fig.  7B) , demonstrating that ROS production has a role. TRPM2-S-expressing cells demonstrated enhanced oxidation of PTEN and reduced PTEN levels compared with cells expressing empty vector or TRPM2-L (Fig. 7C ). After treatment with DPI, oxidation of PTEN was reduced in TRPM2-S-expressing cells, and PTEN levels increased. These data suggest that enhanced NADPH oxidase activation and ROS production in TRPM2-S-expressing cells result in increased PTEN oxidation, reduced PTEN levels, augmented Akt phosphorylation and activation, and increased proliferation.
Membrane expression of Glut1 is significantly elevated in TRPM2-S-expressing cells. Glut1 has been widely implicated in enhanced proliferation in cancer through its role in glucose uptake, and membrane expression of Glut1 is regulated by Akt (72, 78, 89) . In SH-SY5Y cells stably expressing TRPM2 isoforms, Glut1 was significantly elevated in the membrane fraction of cells expressing TRPM2-S (Fig. 8, A and B) compared with cells expressing TRPM2-L or empty vector. Glut1 expression was not significantly enhanced in the whole cell lysates of TRPM2-L-or TRPM2-S-expressing cells compared with cells expressing empty vector (Fig. 8C) .
TRPM2-S-expressing cells are highly susceptible to oxidative stress-induced cell death. Under basal conditions, SH-SY5Y cells stably expressing TRPM2-L, TRPM2-S, or empty vector showed no difference in the percentage of apoptotic cells. When these stably transfected cells were treated with low concentrations of H 2 O 2 (50 and 100 M) for 6 or 24 h (27), cell viability was reduced in all three cell lines in a dose-and time-dependent manner (Fig. 9, A and B) . However, the largest decrease in viability was observed in cells expressing TRPM2-S, whereas cells expressing TRPM2-L showed the greatest viability. In agreement with the cell viability assay, TRPM2-S-expressing cells showed greater cleavage of PARP and caspase-3 than cells transfected with empty vector (Fig. 9 , C and D) at 6 and 24 h after treatment. The least cleavage of PARP and caspase-3 was found in TRPM2-L-expressing cells. These results demonstrate that TRPM2-S-expressing cells are much more sensitive to low-dose oxidative stress-induced cell death than are TRPM2-L-expressing cells.
Because membrane localization of Glut1 was increased in TRPM2-S-expressing cells, we examined the effect of exposure to low-dose oxidative stress. After treatment with 50 or 100 M H 2 O 2 , TRPM2-S-expressing cells demonstrated lower levels of membrane Glut1 than TRPM2-L-or empty vector-expressing cells, in which membrane Glut1 increased after treatment (Fig. 9E) .
TRPM2-S suppresses Ca 2ϩ influx in SH-SY5Y neuroblastoma cells.
In untreated cells, baseline F 360 /F 380 values were not significantly different between cells expressing empty vector, TRPM2-L, or TRPM2-S. Single SH-SY5Y cells stably expressing TRPM2-L, TRPM2-S, or empty vector were treated for 20 min with 100 M H 2 O 2 . The increase in F 360 /F 380 was significantly greater in TRPM2-L-than empty vector-or TRPM2-S-expressing cells ( Fig. 10 ; P Ͻ 0.05). Our data from SH-SY5Y cells are consistent with previous studies using HEK-293T cells (87) , in that TRPM2-L promotes significantly greater Ca 2ϩ entry with H 2 O 2 stimulation. These data demonstrate that enhanced Ca 2ϩ entry in TRPM2-L-expressing cells after exposure to low doses of H 2 O 2 does not necessarily enhance susceptibility to death.
FOXO3a and MnSOD expression is increased in TRPM2-L-expressing cells and decreased in TRPM2-S-expressing cells.
To explore the pathways involved in the susceptibility of cells expressing different TRPM2 isoforms to low-dose oxida- A and C: cell membrane fractions or whole cell lysates (WCL) from SH-SY5Y cells stably transfected with empty vector, TRPM2-L, or TRPM2-S were prepared from culture dishes when cells were 50 -70% confluent. Western blots were probed with anti-V5-HRP, anti-Glut1, or anti-Na ϩ -K ϩ -ATPase antibody (to confirm quality of fractionation) or anti-actin antibody. Representative blots from 6 experiments are shown. B: intensity of bands was quantitated with denstitometry, and relative expression levels were standardized by comparing Glut1/Na ϩ -K ϩ -ATPase in membrane fractions (n ϭ 6). *P Յ 0.05. tive stress, PI3K/Akt and ERK activation was examined. After treatment with 50 or 100 M H 2 O 2 for 24 h, phosphorylation of Akt and ERK1/2 increased in TRPM2-S-, TRPM2-L-, and empty vector-expressing cells. Although phosphorylation of Akt and ERK was increased in TRPM2-S-expressing cells compared with the other groups, differences did not reach statistical significance (data not shown).
FOXO3a is phosphorylated by a number of regulators, in addition to Akt and ERK, resulting in its sequestration in the cytoplasm and its degradation by a ubiquitin-proteasome-dependent mechanism (83, 85) . FOXO3a can protect cells from oxidative stress through its involvement in regulation of transcription of catalase and SODs (26, 32, 37, 40) . Increased FOXO3a can modulate increased MnSOD production and reduce ROS (32) . Here, in untreated cells, FOXO3a levels were significantly increased in TRPM2-L-expressing cells and reduced in TRPM2-S-expressing cells compared with cells transfected with vector alone (Fig. 11A ). After treatment with 50 M H 2 O 2 for 24 h, cellular levels of FOXO3a remained the highest in TRPM2-L-expressing cells, although after exposure to 100 M H 2 O 2 , FOXO3a levels decreased (Fig. 11A) . Mn-SOD levels were significantly increased in TRPM2-L-expressing cells compared with empty vector-expressing cells (Fig.  11B ) before and at 24 h after treatment, which may contribute to the enhanced viability of these cells following exposure to oxidative stress. In contrast, TRPM2-S-expressing cells showed a significant and dose-dependent reduction in FOXO3a levels compared with TRPM2-L-or empty vector-expressing cells after treatment. This was associated with a dose-dependent decrease in MnSOD levels, which may enhance susceptibility to oxidative stress. Although FOXO3a levels were decreased at 24 h after treatment of TRPM2-L-expressing cells with 100 M H 2 O 2 , MnSOD levels remained elevated. This may be because MnSOD is transcriptionally regulated by FOXO3a, and upregulation occurred prior to the treatment-induced decrease in FOXO3a. To determine whether FOXO3a has a role in regulating susceptibility of cells expressing different TRPM2 isoforms to oxidative stress, we modulated FOXO3a expression. Western blotting demonstrated that FOXO3a levels were reduced with shRNAs (Fig. 12A, insets) . Proliferation of SH-SY5Y cells expressing TRPM2-L or TRPM2-S was modestly, but significantly, reduced following FOXO3a depletion (Fig. 12A) . When these cells were treated with 50 or 100 M H 2 O 2 , cell survival in both groups was decreased, and protection of cell viability by TRPM2-L was reduced (Fig. 12B) . SH-SY5Y cells expressing TRPM2 isoforms were also transfected to overexpress FOXO3a, confirmed by Western blotting (Fig. 12C,  insets) . Proliferation was modestly reduced in TRPM2-L-and TRPM2-S-expressing cells (Fig. 12C) , suggesting that optimal FOXO3a levels may play a minor role in regulating cell proliferation. In contrast to cells with reduced FOXO3a, overexpression of FOXO3a increased cell viability after exposure to 50 and 100 M H 2 O 2 in both groups, and viability of TRPM2-S-expressing cells was significantly enhanced (Fig.  12D) . Similar results were obtained in wild-type SH-SY5Y cells and in cells expressing empty vector (data not shown). These data demonstrate the important role of FOXO3a in modulating susceptibility of cells expressing different TRPM2 isoforms to oxidative stress.
Inhibition of TRPM2-L enhances susceptibility to low-dose oxidative stress. To confirm that TRPM2-L activation modulates protection from low-dose oxidative stress, SH-SY5Y cells stably expressing TRPM2-L, TRPM2-S, or empty vector were pretreated for 10 min with clotrimazole, an inhibitor of TRPM2-L (25) . In four experiments, pretreatment with clotrimazole blocked the protection of TRPM2-L-expressing cells from 100 M H 2 O 2 (Fig. 13) . No effect was observed on the reduced viability of TRPM2-S-expressing cells, suggesting that the mechanism through which TRPM2-S enhances susceptibility to cell death is not inhibited by short exposure to clotrimazole. These data support the hypothesis that TRPM2-L protects SH-SY5Y cells from low-dose oxidative stress.
DISCUSSION
TRPM2 is widely recognized as an ion channel that is intimately involved in cell survival (61). Our first major finding is that TRPM2-L and TRPM2-S are increased in neuroblastoma compared with adrenal gland. Different tumor samples had different ratios of TRPM2-S to TRPM2-L, and whether this ratio influences tumor aggressiveness or chemotherapy responsiveness remains to be elucidated.
To evaluate the individual roles of TRPM2-L and TRPM2-S in cell proliferation and survival, we engineered neuroblastoma cell lines stably expressing either TRPM2 isoform or empty vector. Our second major finding is that neuroblastoma cells expressing TRPM2-S proliferate faster than cells expressing TRPM2-L or empty vector. The increased proliferation of TRPM2-S-expressing cells was associated with increased ROS, increased PTEN oxidation, decreased levels of PTEN phosphatase, increased pAkt, increased levels of membrane Glut1, and increased pERK. Decreased levels of PTEN have been associated with increased cell proliferation and have been observed in a number of cancers (6, 48, 52, 86) . PTEN downregulation promotes cell proliferation by enhancing Akt activation (57), as observed here in TRPM2-S-expressing cells. In wild-type mice, TRPM2 downregulated NADPH oxidasemediated ROS production in phagocytes through cation influxdependent depolarization of the plasma membrane potential, whereas in knockout mice, ROS production was enhanced (11) . ROS can inactivate PTEN through oxidation (38, 53, 63) , resulting in increased Akt phosphorylation. ROS can also increase phosphorylation of ERK, which is inhibited by antioxidants (28) . Our experiments with the NADPH oxidase inhibitor DPI resulted in reduced proliferation of TRPM2-Sexpressing cells, strongly suggesting that increased NADPH oxidase activity and increased ROS production are involved in increased proliferation of TRPM2-S-expressing cells. Our data support the conclusion that enhanced neuroblastoma proliferation by TRPM2-S is mediated through increased PTEN oxidation, reduced PTEN levels, and increased phosphorylation and activation of Akt and ERK. The importance of PI3K/Akt and ERK activation in mediating increased proliferation in cells expressing TRPM2-S was confirmed by treatment with PI3K and ERK inhibitors, which abolished the increase in cell proliferation. PTEN deficiency has also been reported to enhance cell proliferation by increasing phosphorylation of cAMP-responsive element-binding protein (CREB), a target of its phosphatase, resulting in activation and CREB-mediated transcription (20) .
Akt enhances cell proliferation through a number of pathways, including regulation of energy metabolism. Akt activation modulates expression and membrane translocation of glucose transporters (55) , increasing cellular uptake and utilization of glucose (9, 16) . Cancer cells generate energy primarily through glycolysis, rather than mitochondrial oxidative phosphorylation, known as the "Warburg effect" (36, 55, 71, 72) , and many cancer cells have increased glucose uptake through increased Glut1 expression, which forms the basis of the PET-CT scan (16) . Indeed, membrane expression of Glut1, a downstream effector of Akt, was increased in TRPM2-Sexpressing neuroblastoma cells and may be an additional mechanism through which pAkt mediates enhanced cell proliferation.
Our third major finding is that neuroblastoma cells expressing TRPM2-L are relatively protected from cell death in response to low concentrations (Յ100 M) of H 2 O 2 , whereas TRPM2-S-expressing cells have increased susceptibility. This In the former case, TRPM2-S inhibition of TRPM2-L function may be detrimental; in the later case, it may preserve viability. Different results may also be secondary to the use of different cell types, which have different endogenous oxidant production and antioxidant defenses (22) . We hypothesize that the different levels of oxidative stress (H 2 O 2 dose) and molecular differences between cell types may account for the different findings. For example, in neuroendocrine cells, L-type Ca 2ϩ channels are expressed and provide another pathway for Ca 2ϩ entry, which may enhance Ca 2ϩ entry through TRPM2 (2, 64) . Treatment with low concentrations of H 2 O 2 may also be more physiologically relevant; the peak increase in striatal H 2 O 2 above baseline after exposure to ischemia-reperfusion was 100 M (27) .
FOXO3a plays an important role in the mechanisms by which TRPM2-L protects cells from oxidative stress-induced cell death. FOXO3a is regulated by a number of signaling pathways, including ERK, Akt, IB kinase, and serum glucocorticoid-related kinases (83, 85) . FOXO3a regulates levels of antioxidant enzymes, including MnSOD (26, 32, 37, 40) . In TRPM2-L-expressing cells, FOXO3a and its downstream transcriptional target MnSOD are increased. After exposure to low-level oxidant stress, viability of TRPM2-L-expressing cells is preserved by increased capacity to degrade ROS. When FOXO3a levels are depleted by shRNA, protection of TRPM2- L-expressing cells from low-dose oxidative stress is reduced. Our data also suggest a mechanism for enhanced death of TRPM2-S-expressing cells. In proliferating TRPM2-S-expressing cells, ROS levels are enhanced, leading to increased oxidized PTEN, reduced total PTEN, and activation of Akt, sensitizing these cells to oxidative stress. ROS levels are further enhanced through increased metabolism. Akt and ERK activation in these cells contributes to reduced FOXO3a levels through its phosphorylation and degradation (46, 83, 85) , resulting in reduced expression of MnSOD. After exposure to low doses of H 2 O 2 , decreased MnSOD in TRPM2-S-expressing cells increases susceptibility to ROS (46, 83) .
The cellular insult in TRPM2-S-expressing cells is compounded by reduced membrane Glut1 after exposure to H 2 O 2 , further compromising cells metabolically (77, 78) . A role for [Ca 2ϩ ] i in regulation of Glut1 and Glut4 translocation to the plasma membrane has been demonstrated (39, 77) . We hypothesize that the reduced [Ca 2ϩ ] i in TRPM2-S-expressing cells compared with TRPM2-L-or empty vector-expressing cells after H 2 O 2 exposure (87, 88) may contribute to the reduced membrane Glut1 in those cells.
While early reports showed that TRPM2-L expression can be associated with enhanced Ca 2ϩ influx and reduced cell viability (43) , recent publications support a new paradigm in which TRPM2 activation can lead to reduced tissue injury. Di et al. (11) showed that the presence of TRPM2 in phagocytes resulted in reduced inflammation and preserved lung viability compared with its absence in TRPM2 knockout mice through modulation of NADPH oxidase activation and reduced ROS production. Bai and Lipski (3) reported that inhibition of TRPM2 increased damage of pyramidal neurons caused by some oxidants. Our current data confirm that, in cells exposed to mild-to-moderate oxidative stress, TRPM2-L expression reduces susceptibility to oxidant-induced neuroendocrine cell death.
In summary, TRPM2-S mediates neuroendocrine cell proliferation through modulation of PI3K/PTEN/Akt and ERK pathways and increased susceptibility to oxidative stress-induced cell death through reduction of FOXO3a and MnSOD. By contrast, TRPM2-L affords protection against mild-to-moderate oxidative stress via increases in FOXO3a and MnSOD. Increased Ca 2ϩ entry via TRPM2 channels in response to H 2 O 2 stress does not invariably lead to increased cell death in 6 -24 h. Our results indicate that the role of TRPM2 in cell proliferation and survival after oxidative stress is complex. These studies have relevance to a broad range of experimental models, including the study of ischemia-reperfusion injury in neuronal, cardiac, or renal tissues, to examine the function of TRPM2 in oxidative stress. A number of chemotherapy agents, including doxorubicin, mediate their cytotoxic effects partially through oxidative stress. TRPM2 isoforms may have important roles in chemotherapy susceptibility. Efforts to target TRPM2 as rational therapy against oncologic and other diseases will require detailed understanding of the functions and mechanism of action of TRPM2 isoforms under different conditions and in different cell types.
ACKNOWLEDGMENTS
We appreciate the assistance of Tina Brissette in preparation of the manuscript and the assistance of Dr. Hui Li in optimization of Neon transfection. 
GRANTS
